ABSTRACT Copper is an important trace mineral in the diet of poultry due to its biological activity. However, limited information is available concerning the effects of high copper on mitochondrial dysfunction. In this study, 72 broilers were used to investigate the effects of high dietary copper on liver mitochondrial dysfunction and electron transport chain defect. Birds were fed with different concentrations [11, 110, 220, and 330 mg of copper/kg dry matter (DM)] of copper from tribasic copper chloride (TBCC). The experiment lasted for 60 d. Liver tissues on d 60 were subjected to histopathological observation. Additionally, liver mitochondrial function was recorded on d 12, 36, and 60. Moreover, a site-specific defect in the electron transport chain in liver mitochondria was also identified by using various chemical inhibitors of mitochondrial respiration. The results showed different degrees of degeneration, mitochondrial swelling, and high-density electrons in hepatocytes. In addition, the respiratory control ratio (RCR) and oxidative phosphorylation rate (OPR) in liver mitochondria increased at first and then decreased in high-dose groups. Moreover, hydrogen peroxide (H 2 O 2 ) generation velocity in treated groups was higher than that in control group, which were magnified by inhibiting electron transport at Complex IV. The results indicated that high dietary copper could decline liver mitochondrial function in broilers. The presence of a site-specific defect at Complex IV in liver mitochondria may be responsible for liver mitochondrial dysfunction caused by high dietary copper.
INTRODUCTION
Copper is an essential element in the diet of poultry due to its biological activity (Ognik et al., 2016) . It is a cofactor of many enzymes such as superoxide dismutase, cytochrome oxidase, and ceruloplasmin (Prohaska et al., 1983) . The importance of copper in animal nutrition results from its involvement in many biological processes, including antioxidant activity, immune function, and neuropeptide synthesis (Bonham et al., 2002; Uriu-Adams and Keen, 2005) . According to the National Research Council (NRC) (1994), the requirement for copper in poultry is 2.5 mg kg −1 dry matter (DM) in laying hens, and 4 mg kg −1 DM of feed mixture to 8 mg kg −1 DM in broiler chickens. In practice, feed mixtures for poultry are enriched with copper as a growth promoter (Mroczek-Sosnowska et al., 2016; Ognik et al., 2016) . However, only 20% of cop-C 2017 Poultry Science Association Inc. Received January 18, 2017. Accepted May 6, 2017.
1 Fan Yang (yfan2014001@163.com) and Huabin Cao contributed equally to this work and share first authorship. 2 Corresponding author: tangzx@scau.edu.cn per is digested and absorbed; the rest is excreted with feces, which will pollute plant, soil, and aquatic environments and even threaten human health (Zhao et al., 2010) . Additionally, high dietary intake of copper may induce acute or chronic toxicity and high level of copper in vivo could lead to oxidative damage and cell death (Bost et al., 2016) .
Mitochondria are a major site of oxygen consumption and also are closely linked to metal-induced radicals stress as a clearly important targets of metal toxicity (Al-Nasser, 2000; Rauen et al., 2004; Xiang and Shao, 2003) . Many scholars believe that free radicals may reduce the mitochondrial respiratory chain function by reducing the fluidity of mitochondrial membrane structure and altering activities of proteins and enzymes in membranes, resulting in cell death and apoptosis (Cadenas and Davies, 2000; Iqbal et al., 2004) . Previous studies showed that high concentration of copper in vivo could increase the level of free radicals such as hydrogen peroxide (H 2 O 2 ) and hydroxyl via Fenton-type redox reactions, which disrupt the balance of the oxidant/antioxidant system, and cause oxidative damage to tissue by reducing antioxidant enzyme activities and lipid peroxidation (Haywood et al., 2004;  (Lehninger et al., 1992) . The respiratory chain consists of four protein complexes (Complex I, II, III, and IV). Electrons (e-) that enter the electron transport chain from energy substrates such as malate (Complex I) and succinate (Complex II) are passed down the electron transport chain (solid arrows) to the terminal electron acceptor, oxygen that is reduced to water. CoenzymeQ (CoQ, ubiquinone) accepts electrons from Complex I and II and moves the electrons to Complex III. Associated with the movement of electrons along the electron transport chain is the movement of protons (H+, dashed arrows) from the mitochondrial matrix into the intramembranous space, setting up a proton motive force. The movement of protons through the adenosine triphosphate (ATP) synthase (ATPase) provides the energy to support ATP synthesis. Marin-Hernandez et al., 2003; Medeiros and Jennings, 2002; Nawaz et al., 2005) . Mitochondrial dysfunction caused by decreased oxygen utilization and energy generation is related to reactive oxygen species (ROS) generated from electron and proton leak. The electron transport chain uses electron flow to create a proton motive force that is used to drive adenosine triphosphate (ATP) synthesis (Figure 1 ). Oxygen serves as the terminal electron acceptor for the respiratory chain that consist of a series of multiprotein complexes that reside on the inner mitochondrial membrane (Lehninger et al., 1992) . Proton movement through the f 0 f 1 ATP synthase effectively couples the energy releasing reaction of oxidation to the energy-storing reactions of phosphorylation.
The increasing copper concentration in the environment is the cause for great concern which threatens the health of humans, animals, and environmental safety. Chronic copper toxicity has been reported in many agricultural animals. Broiler, as one of the major objects of coppery growth promoter, is more susceptible to toxic effect of copper than other animals. Whereas the toxicity effect of copper on mitochondrial function in birds and its underlying mechanism remains unclear. In this study, histopathology analysis was conducted to evaluate the injury degree of liver mitochondria. Oxygen consumption was measured to evaluate the mitochondrial respiratory function. Moreover, various chemical inhibitors were used to identify site-specific defects in the respiratory chain where electron leakage. 
MATERIALS AND METHODS

Experimental Animals
All experimental protocols were approved by the Ethics Committee of South China Agricultural University.
Experimental Design
Seventy-two newly hatched Arbor Acres (AA) commercial broilers (36 females, 36 males), weighing 43 ± 0.32 g were purchased from a chicken farm. Birds were kept in cages in the animal room at optimal living conditions. They were supplied with feed and water ad libitum and raised for 60 d under the same condition, with only diet varied.
As source of copper, tribasic copper chloride (TBCC) was used in this study. Broilers were divided into four groups (n = 18 per group) as follows: control group (11 mg kg −1 copper DM), group I (110 mg kg −1 copper DM), group II (220 mg kg −1 copper DM), group III (330 mg kg −1 copper DM). All birds received the standard poultry ration based on the guidelines of the NRC. The composition and nutrients levels in the diet are shown in Table 1 .
Sample Collection
On d 12, 36, and 60, liver tissues were collected after birds anesthetized with an overdose of an intravenous injection of sodium pentobarbital and immediately used to extract mitochondria. In addition, some liver tissues on d 60 were fixed in 10% neutral formalin for pathological examination and the remaining were fixed in 2.5% glutaric dialdehyde and 1% osmic acid for ultrastructure examination.
Histopathological Examination
Formalin-fixed liver tissues were routinely processed, embedded in paraffin, sectioned at 5 to 8 μm, and stained with hematoxylin and eosin (H&E). Afterward, pathological sections were observed using the optical microscope and photographs were taken.
Transmission electron microscopy (TEM) studies were performed according to the method described by Liu et al. (Liu et al., 2013) . The tissues samples in all groups on d 60 were processed and viewed under TEM Zeiss 900 microscope (Zeiss, Germany).
Preparation of Liver Mitochondria
Liver mitochondria were obtained as previously described (Su et al., 2011a) . The protein concentration of the mitochondria was determined with the Bradford's assay (Bradford and Dodd, 1977) using bovine serum albumin as a protein standard.
Oxygen Consumption Experiments
A Clark-type electrode was used to assess oxygen consumption according to Zhang et al. (2004) . Briefly, a state 4 respiration was first determined in the absence of adenosine diphosphate (ADP), and then a state 3 (phosphorylating) respiration was determined after ADP was added to measure the maximal rate of coupled ATP synthesis. The respiratory control ratio (RCR) was calculated by the ratio of state 3 to state 4 respiration, and the ADP/O was expressed as the ratio of ADP added to that of oxygen atoms consumed during state 3 respiration. Then the oxidative phosphorylation rate (OPR) was calculated by the product of ADP/O and slope of respiratory curve of state 3.
Identification of Site-Specific Defects in the Electron Transport Chain
2 , 7 -dichlorofluorescin diacetate (DCFH-DA) (Molecular Probes Inc., Engene, OR 97402), a fluorescent indicator, was used to determine mitochondrial H 2 O 2 generation in the absence or presence of several electron transport chain inhibitors according to Bottje et al. (Bottje et al., 2002) . Briefly, the effect of same substrate and different inhibitors on mitochondrial inhibition is provided in Figure 2 . The final concentrations were: Rot (1 μM); TTFA (2 μM); Antimycin-A (0.2 μM), and KCN (5 μM). The microplate was incubated at 37
• C and read sequentially at 0, 10, and 30 min by the cytofluor photofluorimeter. Final values of H 2 O 2 were calculated from a standard curve with known amounts of H 2 O 2 and expressed as nmol H 2 O 2 per min per mg of mitochondrial protein.
Statistical Analysis
All data were tested by analysis of variance with significant differences between means determined by Duncan post hoc tests. The statistical analysis included GraphPad Prism 5.0 (GraphPad Inc., La Jolla, CA), Microsoft Excel 2016, and SPSS version 17.0 (SPSS Inc., Chicago, IL). The results were expressed as mean ± SD. A P-value of less than 0.05 was considered significant.
RESULTS
Histopathology
The pathological changes of liver on d 60 are shown in Figure 3 . As H&E staining showed, the histology of liver in control group and group I presented a normal structure of regular hepatic sinusoid and normal hepatic cords (Figure 3a,b) . However, the histology in group II showed that light degeneration and hepatocyte nuclear were squeezed to side (Figure 3c ). In comparison, the lesions of liver emerged in broilers in group III were indistinct structure of hepatic cords and hepatic sinusoid (black arrowhead) and reticular structure (Figure 3d) . More severe lesions were observed as the increasing levels of copper.
The lesions about hepatocytes were also evaluated in ultrastructural studies. Hepatocytes in control group reveals clear organelle structure and nucleus (Figure 4a ). But some engulfing vesicle (EV) in cytosolic and distorted mitochondria (black arrowhead) were observed in the ultrastructure of hepatocytes in group Figure 5 . Determination results of RCR and OPR in liver mitochondrial. The same markup means there is no difference between the groups (P > 0.05). * or * * denote significant difference (P < 0.05) or highly significant difference (P < 0.01) between groups. The same as below. The data are the means ± SD. (n = 6 per group). I ( Figure 4b ) and group II (Figure 4c) respectively. In contrast, more severe lesions were found in group III, including severe mitochondrial swelling, fractured cristae, and high-density electrons in nucleus (Figure 4d) .
Results of Oxygen Consumption Experiments
In Figure 5 , the RCR was significantly increased (P < 0.05) in all treated groups compared with control group on d 36 and 60, except for groups II and III on d 60, but it was dramatically decreased (P < 0.05) in group III in comparison with control group on d 60. The RCR increased at first, and then decreased as the time went by (Figure 5a) . Moreover, the OPR in groups I and II were significantly higher (P < 0.05) than that in control group on d 36 and 60, except for group II on d 60, and it was markedly (P < 0.05) declined in group III compared with control group on d 60. The OPR also increased at first and then decreased with time on groups II and III (Figure 5b) .
Identification of Site-Specific Defects in the Electron Transport Chain
The results of H 2 O 2 generation velocity in liver mitochondria in the absence or presence of various inhibitors of electron transport are shown in Figure 6 . In general, H 2 O 2 generation velocity in the absence or presence of various inhibitors was significantly increased (P < 0.05 or P < 0.01) in all treated groups compared with the control group during the experiment. Dose-and timedependent effects were shown (Figure 6 ). Additionally, the velocity in the presence of KCN (Complex IV inhibitor) (Figure 6e ) was very close to that in the absence of inhibitor (Figure 6a ), but dramatically higher than that in the presence of other inhibitors.
DISCUSSION
It is generally known that adding copper to poultry feedstuffs can significantly improve growth and feed efficiency (Baker et al., 1991) , thus, copper additive has been widely used in agricultural industry. As a new source of copper, TBCC has been shown to be highly effective in improving growth rate in poultry recently (Luo et al., 2005) . Although TBCC has beneficial effects on promoting growth, once overtaking of it may cause toxicity. Liver is considered to be the target organ of copper. Excessive copper mainly accumulates in hepatic lysosome and cytoplasm, leading to liver injury. In the present study, the sections of liver tissue from high dietary copper-treated groups showed liver lesions with degeneration of hepatic cords and hepatic sinusoid. Additionally, the results of ultrastructural study showed that excessive dietary copper induced serious damage to hepatocytes in broilers. Common ultrastructural changes including engulfing vesicle in cytosolic, mitochondrial swelling, fractured cristae, and high-density electrons were observed in our study, which indicates that excessive copper intake can induce severe liver impairment in broilers.
Mitochondria are the major sites of oxidative phosphorylation and have a number of intracellular function such as regulation of redox homeostasis and cell fate (Kang and Pervaiz, 2012) . Free radicals could decrease the fluidity of mitochondrial membrane and denature the protein or enzyme in membrane, which can cause the injury of mitochondrial DNA and induce decreased mitochondrial function (Cadenas and Davies, 2000; Iqbal et al., 2004) . RCR and OPR, the major indices of mitochondrial respiratory function, are measurement method of electron transport chain coupling and efficiency of oxidative phosphorylation respectively (Estabrook, 1967; Mujkosova et al., 2010) . In our study, the RCR and OPR in control group and group I presented an enhanced trend with the increment of time, indicates that the supplement providing 110 mg kg −1 TBCC in broilers has a certain function in enhancing mitochondrial respiratory function as it can meet body requirements. And the fluctuation in groups II and III indicated that copper concentration has accumulated beyond compensative capacity of the body after 48 d, leading to mitochondrial dysfunction. This was in agreement with experiments examining the effect of copper on rat mitochondria (Sokol et al., 1993) .
Mitochondrial ROS production is closely related to defects in electron transporter within respiratory chain complex. The primary oxygen consumer, defects in the electron transport chain may be involved in the development of the mitochondrial dysfunction now associated with copper toxicosis. Our previous study has demonstrated that high concentration of copper can increase mitochondrial ROS production in vitro (Su et al., 2011b) . But the mechanism about mitochondrial ROS production and respiratory chain complex induced by copper in broilers remains unclear. If a sitespecific defect exists in electron transport at any of sites of chemical inhibition, electrons will leak from the respiratory chain and cause univalent reduction of oxygen that leads to the formation of superoxide (O 2 ·-) that, is converted to H 2 O 2 in the presence of superoxide dismutase. Thus, we used various inhibitors of electron transport to identify site-specific defects in electron transport by determining H 2 O 2 generation velocity in liver mitochondria. The results indicated that H 2 O 2 generation in liver mitochondria can be seriously affected by high dietary copper in a both time-dependent and dosedependent manner. Moreover, in the presence of KCN (Complex IV inhibitor), H 2 O 2 generation velocity was very close to that in the absence of inhibitor, but significantly higher than that in the presence of other inhibitors, indicating the presence of a site-specific defect located within the Complex IV pathway within copper toxicosis hepatic mitochondria. The electron leak may account for the mitochondrial dysfunction and the prevalent oxidative stress that has been observed in broilers.
In conclusion, this study revealed that high dietary copper could decline liver mitochondrial function in broilers. The presence of a site-specific defect at Complex IV in liver mitochondria may be responsible for liver mitochondrial dysfunction caused by high dietary copper.
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